Electrochemical performances of multi-walled carbon nanotubes (CNT)-SiCN composite have been investigated. The sample was synthesized by a simple ultrasonication assisted method combined with high-temperature pyrolysis and characterized by Fourier transform infrared spectra, Raman spectra, X-ray diffraction, field emission scanning electron microscopy and transmission electronic microscopy. In this composite, CNT were uniformly distributed in the SiCN ceramic matrix, it retained the structural integrity during the polymer-ceramic conversion and had a relatively strong bonding with the SiCN ceramic matrix. When tested as anode in the half cell, the obtained composite exhibited enhanced rate capability and cyclic capacity than that of pristine SiCN powder, CNT and graphite, it could supply a capacity of 222.7 mA h/g when charged at 2000 mA/g, while the SiCN anode showed nearly no capacity even at the low current density of 200 mA/g. It is expected that the CNT-SiCN composite, perhaps the series of CNT-PDC composites, may be prospective candidate for high power applications.
INTRODUCTION
Silicon-based amorphous polymer-derived ceramics (PDC), such as silicon carbonitride (SiCN) and silicon oxycarbides (SiCO), have recently attracted an increasing attention in view of a possible application as anode materials in Li-ion batteries (LIB).
1-3 PDC exhibit numerous advantageous properties for application as anode materials in LIB. They are covalently bonded ceramics, which make it chemically inert with respect to battery components and light weight. Furthermore, their chemical and physical properties can be designed by varying the starting polymer compositions. The finely dispersed sp 2 -hybridized disordered carbon within the amorphous covalently bonded network of PDC exhibits a 3-dimensional percolating * Author to whom correspondence should be addressed. cage-like structure or isolated carbon clusters in carbon rich and carbon poor PDC based ceramics, 4 5 this disordered carbon can not only offer plenty of effective Li storage active sites, but also offer electrical conducting paths throughout the material. 6 While for the interconnected nanopores (∼0.5 nm in diameter, a size much bigger than that of Li ions (0.076 nm) 6 7 and the so called mixed bond configurations of the amorphous ceramic network (tetrahedrally coordinated silicon, i.e., SiC x O y N z , x + y + z = 4) contained in the loose network of PDC, whose major role is to offer smooth paths for the rapid transfer of Li ions 6 7 and minor role is the intercalating agent for Li ions. However, in spite of these advantages, most commercially used PDC with high Li ions intercalation capacity also the one whose electrical conductivity is between semiconductor (e.g., SiC) and insulator (e.g., , which means huge internal resistance will form between PDC particles and the current collector, and large volume change will also occur during high current density, quick charging and discharging (highrate) cycling. In this case, the electrochemical oxidation and reduction reactions during high-rate cycling will be restricted mainly on the outside surfaces of the PDC particles, and finally a much lower capacity and worse cyclic performances accompanied by the structure pulverization of anodes will be exhibited. Thus, the poor electrical conductivity should be main bottleneck restricting its applications in high power and energy density fields. Therefore, after the structure of PDC being determined, it is reasonable to infer that the internal resistance would be diminished for a large extent and a higher utilization of active regions in PDC will be achieved if the electrical conductivity of PDC is improved significantly, and also, PDC may exhibit a much higher capability and better cyclic performances for high-rate applications. Until now, studies on PDC anode materials were mainly focused on the improvement of its capacity and cyclic capability when the current density is relatively low (less than 50 mA/g), only a few had involved in its highrate performance, less attention had been paid directly on the investigation of the relationship between electrical conductivity of PDC and the high-rate performance. 8 Although good results were achieved, their aims were actually focused on finding methods to increase amounts of active sites or improving the intimate contact between PDC particles and the current collector. 9 10 These studies could be divided into the following categories: (a) using carbon rich pre-ceramic Si-polymers; [11] [12] [13] (b) addition of carbon or carbon precursor to Si-polymers, such as SiCN-graphite, 14 graphene nanosheets-SiOC, 15 CNT based core-shell composites, nanowire or paper, [16] [17] [18] hard carbon (potato starch); 19 (c) modification through heat treatments; 7 20 (d) elemental-doping of boron; 16 18 (e) improving the intimate contact between PDC anode particles and the current collector. 9 10 Although, positive effects were achieved by using these methods, using carbon rich pre-ceramic Si-polymers and addition of carbon or carbon precursor to Si-polymers could not only improve the electrical conductivity but also increase total actives sites of PDC based anodes for a large extent, such as CNT based core-shell composites, which made actual mechanisms between electrical conductivity of PDC and its high-rate performance more complicated. Moreover, to build a 3-dimensional connected conductive network, volume fractions of graphite, graphene or potato starch added with 2 or 3-dimensional form might be so high that the superior and stable structure of PDC would be destroyed which would adversely result in a rather low electrochemical performances than that of the pristine PDC anodes. 13 While modification through heat treatments and elemental doping of boron showed limited effects for its relatively low electrical conductivity (8 7 × 10 −4 S/cm). 18 20 22 Therefore, it is necessary to build a simple architecture to investigate the effect of electrical conductivity on the high-rate performance of PDC anodes.
To investigate the effect of electrical conductivity on the high-rate performance of PDC anodes, we proposed the strategy of building 3-dimensional conductive network throughout the matrix of PDC particles using a secondary phase. As for the proposed strategy, the secondary phase should meet the following requirements: (i) excellent electrical conductivity, and low electrochemical activity with Li ions; (ii) chemical inertness with PDC during pyrolysis; (iii) the volume fraction added should be as low as possible. So, CNT is a appropriate candidate.
In most studies, the major role of CNT is conductive agent, because of its relatively low capacity and cycle abilities. [23] [24] [25] Comparing with graphene, graphite or hard carbon with 2 or 3-dimensional morphology, CNT with 1-dimensional form is more conducive for building a 3-dimensional conductive network. And also, CNT distributed in PDC matrix will not affect the isotropic insertion of Li ions into active sites in PDC matrix. Moreover, considering factors that multi-walled carbon nanotubes have demonstrated better performances in Li-ion batteries as compared with single or double wall CNTs [26] [27] [28] and carbon thermal reduction could take place between CNT and SiCO ceramic, 29 we finally decided to use multiwalled carbon nanotubes as conductive agent and the relatively low disordered carbon containing SiCN ceramic as the PDC matrix, the mass fraction of CNT in SiCN was 10 wt.%. In the CNT-SiCN composite synthesized in this study, CNT exhibited a homogeneously distribution throughout the SiCN matrix. 30 which can be thermally pyrolyzed to the respective amorphous SiCN, was used as starting chemicals in this study. In a typical processing, the "as-obtained" 0.1 g multi-walled carbon nanotubes (CNT) (Shenzhen Nanotech Port, China) was dispersed in 1 0 × 10 4 mL N,N-Dimethylformamide (DMF, aladdin, GC) which was further reflux dewatered with sodium wires for 24 h to get rid of the residual water and other hydroxyl group-containing compound), followed by sonication and magnetic stirring for 45 min to remove any unwanted agglomerations. The CNT-DMF dispersion was then mixed with 1.125 g polysilazane, after the mix was stirred for 0.5 h, it was decompression distillation at approximately 55 C for 3 h to get rid of DMF. The obtained mix was then still hold in the decompression distillation units where it was heated to 200 C for 2 h for the cross-linking of the precursor, followed by a pyrolysis at 1000 C for 2 h under argon atmosphere at 5 C/min heating and cooling rates to yield CNT-SiCN composite (Fig. 1 ). For comparison, the SiCN powder was also synthesized as blank sample following the same experimental procedures as the CNT-SiCN composite, the only difference is the 1.125 g polysilazane was mixed with the DMF with no CNT dispersed in. As ceramic yield of polysilazane used as blank sample is approximately 80 wt.%, the percentage of CNT in the final CNT-SiCN composite was assessed to be 10 wt.%. Scanning electron microscopy (SEM) imaging of crosslinked CNT-polysilazane and CNT-SiCN composite was performed by use of a SEM (Hitachi, S-4800). Transmission electron microscopy (TEM) was carried out using 100 kV TEM (JEOL, 2100 HR). Fourier transform infrared (FT-IR) spectra were collected using a liquid nitrogen cooled Thermo-Nicolet 6700 FT-IR spectrometer in the diffuse reflectance mode. The crushed powder specimens were mixed with KBr powder, prior to collecting spectra. X-ray diffraction (XRD) was performed by use of a Bruker D8 Advance powder X-ray diffractometer operating at room temperature, with Cu K radiation and nickel filter. Raman spectra were also carried out to evaluate the disordered carbon in the pyrolyzed specimens using a Renishaw inVia-reflex system equipped with an air cooled CCD and an argon ion Laser with a wave-length of 532 nm.
EXPERIMENTAL DETAILS

Preparation of Composite
Liquid phased polysilazane (-[NHCH 3 Si(CH = CH 2 NH] x -[CH 3 Si(H)NH] n−x -),
Preparation of the Electrodes and Cells
The obtained CNT-SiCN composite and SiCN powders were ground in a mortar and sieved down to 48 m. The CNT-SiCN composite powders were mixed with acetylene black powder as a conductor and fluortetraethylene as a binder at a weight ratio of 85:10:5. Ethanol was dipped into the mixture, which was then mechanically stirred to form a slurry. The slurry was spurred on the rough side of a copper foil and rolled into a thin film during the evaporation of ethanol. The thin film was cast into a disk (diameter: 9 mm) to form an anode fitting the size of a coin-type battery (size: CR2032). The electrode disk was assembled into a battery in a glove box using Celgard 2300 (Celgard, Charlotte, NC) as a separator, Li foil as counter and reference electrodes, and 1 mol/dm LiPF 6 in ethylene carbonate, propylene carbonate and dimethyl carbonate (1:1:1 by volume, Aladdin, Shanghai, China) as an electrolyte. The value of the weight fraction of CNT-SiCN composite in the electrode was input into the measuring system (LAND battery testing system soft-ware 5.3B vision). Galvanostatic charge-discharge cycle tests were performed on a battery testing system (LAND 2001A, Wuhan Jinnuo, China) at a relatively current density of 100 mA g −1 in the potential range of 0-3.5 V versus Li + /Li. The discharge and charge capacities of the CNT-SiCN composite anode in absolute value (mA h) and weight normalized value (mA hg −1 ) were automatically generated from the measuring system. To understand the electrochemical performances of the CNT-SiCN composite anode, SiCN powders was used as a reference anode with the electrochemical performances measured under the same conditions.
RESULTS AND DISCUSSION
The SEM and TEM images of CNT-SiCN composite were shown in Figure 2 . In Figures 2(a) , (b), CNT were distributed homogeneously in the SiCN matrix and showed a 3-dimensional network-like distribution in SiCN particles ( Fig. 2(e) ). As shown in Figure 2 (c), CNT retained its original morphology during the polymer-ceramic conversion. Residual holes or pits (point A) left by the pulled out CNT in Figure 2 (d) indicate relatively strong bonding between CNT and the ceramic matrix, while pits (point B) left when CNT were axial pulled out reveal that this bonding is not so strong. In Figure 2 (f), surfaces of CNT retained its integrity, the corresponding SAED pattern of SiCN matrix shows the amorphous nature of SiCN was not changed because of the introduction of CNT. So, we could get the initial deduction that both of CNT added and SiCN matrix suffered no obviously chemical damage during the polymer-ceramic conversion. All these evidences reveal that the CNTSiCN composite with homogeneously distributed CNT have been synthesized successfully by a simple ultrasonication assisted method combined with high-temperature pyrolysis. More interestingly, light contrast linear regions (arrows in Fig. 2(f) ) between CNT and the SiCN matrix can be clearly seen, these regions might be the interconnected nanovoids which might be attributed to the difference of coefficient of thermal expansion between these two components or the decomposition or elimination of organic moieties (such as methyl, vinyl groups) and Si H, or Si NH groups during the polymer-ceramic conversion. So, it is expected that these light contrast linear regions could further promote the quick transfer of Li ions during electrochemical discharging and charging process effectively. More recently, Ionescu et al. have incorporated multi-walled carbon nanotubes within an insulating SiCN matrix by a mechanical milling method. 8 Thus, a polysilazane was pre-crosslinked, mixed with multi-walled CNTs and subsequently warm-pressed and pyrolyzed in an argon atmosphere at 1100 C. Upon adding 1 vol.% of CNTs into SiCN, an increase in ac conductivity of 7 orders of magnitude was recorded: the ac conductivity of SiCN was 10 −9 S/cm; whereas the SiCN/multi-walled-CNT nanocomposite containing 5 vol.% CNTs exhibited a conductivity value of 7 6 × 10 −2 S/cm. 8 An et al. also showed that mechanical properties of the SiCN-CNT composites were significantly increased by adding only 6.4 vol.% CNT. 31 As the density of CNT (1.80 g/cm) we used is lower than that of the amorphous SiCN (2.35 g/cm), it is reasonable to get the conclusion that the percentage of CNT added in this study could build a 3-dimensional conductive network throughout the SiCN matrix.
Further, XRD patterns ( Fig. 3(a) ) confirmed that the amorphous nature of CNT-SiCN composite and SiCN pyrolyzed at 1000 C for 2 h, only a small diffraction peak at 2 = 26 belonged to (002) plane of disordered carbon was detected, this peak was thought to be derived from the ordered stacking of ring-like structures along c-axis of graphene layers in disordered carbon and disorder stacking along the a or b-axis (i.e., (100) plane) of graphene layers in disordered carbon, all these imply that the characteristic structure of disordered carbon localized in the matrix of amorphous SiCN. FT-IR spectra of the crosslinked polysilazane and crosslinked CNT-polysilazane composite are similar with that of the uncrosslinked liquid polysilazane (Fig. 3(b) and detail informations at Table I) . 32 33 Absorption peaks of C C at 1593.2 cm −1 and C H at 3048.7 cm −1 disappeared during crosslinking. Only a new absorption peak of Si O Si Table I . Characteristic infrared bands of the the uncrosslinked liquid polysilazane, the crosslinked polysilazane and the crosslinked CNTpolysilazane composite.
Wavenumber (cm
Si N Si 899. 9 Si N Si 790.0
Si N Si 758. 8 Si C
at 1042.1 cm −1 with very weak intensity was detected, which was due to the hydrolysis and oxidation of Si N bond during experiment, all of these imply that the pristine nature of polysilazane had almost no change during the experiment. Furthermore, because the percentage of CNT in the crosslinked composite is so low and even slightly lower than that in the final pyrolyzed composite (10 wt.%), that no obviously absorption peak belongs to CNT can be captured by FT-IR, the chemical interaction of polysilazane with CNT sidewall could not be confirmed with these techniques. However, on the basis of the present analysis, physical adhesion of polysilazane on CNT surface can be safely predicted.
Raman spectroscopy is a technique normally employed for the characterization of carbon-containing materials. In this study, it was used to evaluate particularly the disordered carbon phase localized in the SiCN matrix. Figure 3 (c) display the Raman spectra of CNT-SiCN composite and SiCN pyrolyzed at 1000 C for 2 h, respectively. The spectra for both specimens showed two typical features of disordered carbon: the D (disordered) band at ∼1340 cm −1 and the G (graphite) band at around 1600 cm −1 . 34 35 The spectra for each specimen showed similar spectral features in relation to peak position. In Figure 3 (c), weak peak (peak position slightly higher than 1600 cm −1 belongs to sp 3 carbon could only be detected in SiCN specimen, which means the nonconductive sp 3 carbon phase disappeared because of the introduction of CNT in SiCN matrix. The widened peak for G band reveals that several graphene layers in the disordered carbon were stacked disorderly, while the widened peak and its relatively strong signal for the D band further suggest that the disordered carbon is highly defective. The Raman spectra were later used to estimate the lateral cluster size (L a of the disordered carbon according to the following equation reported by Ferrari and Robertson: 35 is the laser line wavelength and C is a coefficient determined by . In order to get the integrated intensities of these two bands, Lorentzian curve fitting method 35 36 was performed. The calculated I D /I G for the CNTSiCN composite and SiCN specimens were 1.51 and 1.27, respectively. As there was no accurate values for the laser line wavelength at 532 nm can be found, the exact value for L a is hard to get, but the ratio of L a for the CNT-SiCN composite and SiCN was calculated as 1.09, which implies that the size of disordered carbon clusters localized in the SiCN matrix become a slightly larger when CNT were introduced in. This phenomenon is very interesting, which is just in agreement with the results of Segatelli et al., 29 they reported that the introduction of carbon nanotubes is beneficial for the nucleation and growth of graphene layer in disordered carbon. So, we can assume that the reversible capacity of the CNT-SiCN composite anode will be slightly higher than that of the SiCN anode, because the lateral cluster size of the disordered carbon is actually in proportion to the number of reversible active sites for Li ions intercalation. Figure 4 (a) showed the first, second and 30th cycle discharge-charge curves of the anode made from the 1000 C pyrolyzed CNT-SiCN composite and the contrastive SiCN, respectively. These data were obtained at a relatively high current density of 100 mA/g between the voltage limits of 0.001 and 2 V. The discharge represents a direction where lithium species are inserted into the composite anode, and the charge represents the opposite direction. For easier comparison, the values of the discharging (C discharge and charging (C charge capacity and coulombic efficiency of the first, 30th cycle were summarized in Table II . It can be seen that the CNTSiCN composite anode offered a first discharge capacity of 597.5 mA h/g, of which 313.2 mA h/g was reversible, giving a first coulombic efficiency of 52.4%. After cycled 30 times, as is seen in Figure 4(b) , it still retained a stable capacity of 325.7 mA h/g, with a coulombic efficiency of 99.1%. Apparently, CNT-SiCN composite anode exhibited a much better specific capacity than both of SiCN anode (reversible capacity of ∼67.3 mA h/g), commercially used graphite anode (reversible capacity of ∼70 mA h/g when operating at 100 mA/g), 38 and CNT. [23] [24] [25] For the first cycle of the SiCN anode, a slope discharge potential platform at about 10∼50 mV in Figure 4 (a), suggests that Li-ions intercalation in the pores of SiCN network, mesopores and defects belonging to the carbon nanotube. These discharge platforms disappeared in the second cycle, which means that parts of Li ions or less ionic Li atom clusters were trapped in the pores and contribute to the irreversible capacity. While for the electrochemical reactions occurred at the potential window between 0.8 V and 1.2 V in Figure 4 (a), it should be attributed to decompositions of electrolyte and formation of passivation layer (Solid Electrolyte Interface (SEI)) on the surface of SiCN particles. This process is responsible for the major part of irreversible capacity loss, but more importantly this layer also serves as a protection against further reaction with electrolyte. Compared with the discharging-charging curves of SiCN anode, a platform start at about 0.2 V suggests that Li-ions intercalation between graphene nanosheets of isolated disordered carbon. 39 And fortunately, the CNTSiCN composite anode exhibited a stage proportional , which means the SiCN anode could get most of capacity only at the narrow potential region between 50 mV and 0.5 V. As a common sense for most electrodes, the cell can be charged fast by constant current (CC) in the former stage, while in the CV stage it is charged slowly with keeping the potential at 0 V. So, the CNT-SiCN composite anode is expected to present a better high-rate performance than the SiCN anode because of its wider margin of electrical potential. These results indicate that it will be hard for the SiCN anode to perform well in the next high rate testing. In general, tetrahedrally coordinated silicon containing oxygen (such as, SiC 3 O, SiC 2 O 2 and SiCO 3 to SiO 4 can sequester Li ions reversibly, 38 40 however, there was no such unit in the CNT-SiCN composite and SiCN anode, the electrochemical capability of CNT-SiCN composite should be contributed to the presence of disordered carbon and its amount. Taking the upper value of 400 mA h/g as the reversible discharge capacity of the CNT in the composite anode, 23 the contribution of CNT to capacity of the CNT-SiCN composite is calculated to be 40 mA h/g. The capacity only one third of the reversible capacity (∼325.7 mA h/g) obtained for the composite. Thus, there might be plenty of new active sites of disordered carbon were exploited with the formation of CNT conductive network throughout the SiCN matrix. Apart from the higher reversible capacity of CNT-SiCN composite anode, the higher coulombic efficiency in Figure 4 (b) reveals that the introduction of CNT can also result in a better capacity retention during long term cycles. So, it can be reasonably to get the deduction that the newly exploited active sites for Li ions intercalation reversiblely were mainly derived from the isolated disordered carbon clusters originally localized in the interior regions of SiCN matrix, and the SiCN anode could deliver its full capacity only when it has a good electrical conductivity. In this case, when the CNT-SiCN composite was used as anode, CNT network can supply numerous paths for the transfer of electric charges from the surface regions of the SiCN particle to most of the isolated disordered carbon clusters distributed in the interior regions of SiCN matrix. Also, the slightly increase of the lateral cluster size of the disordered carbon detected by Raman spectroscopy might also be beneficial for the increase of reversible active sites in disordered carbon clusters. Feng et al. have also prepared SiCN-CNTs composite anode material, but the carbon nanotubes they used were localized in the region between the SiCN particles and the copper foil, its act as conductive agent and flexible network to buffer the volume expansion of the SiCN particles. 8 Although a higher capacity was achieved compared with SiCN and graphite anodes, but its reversible capacity dropped gradually during the first 30 cycles. 10 We speculate the main reason is the bad cyclic abilities of carbon nanotubes when its contact directly with electrolytes, because CNT favor reacting with electrolytes continuously during discharging and charging. As a consequence, with the thickness of the insulating SEI on the surface of CNT increasing gradually, the electrical conductivity of the anode would become lower and lower, so bad cyclic performance was exhibited. While for the CNT-SiCN composite we synthesized, its exhibited a improved cyclic behavior, which could be attributed to the fully protection of carbon nanotubes by the inert SiCN ceramic matrix. Figure 4 (a) also suggests there was significant hysteresis for these two anodes during discharging-charging of Li ions, and this hysteresis behavior also existed during the extended cycles. It is likely that such hysteresis is resulted from the difference in the electrochemical potential of the Li ions at the SiCNelectrolyte interface, and the electrochemical potential of the Li ions within the electrolyte that are in equilibrium with the lithium metal counter electrode. Rate performance, i.e., the capacity at increasing current density for extracting Li ions from the anode was measured. In these cycles, as the quick discharging capability is more important for a full cell when it used for high-rate applications, the discharge current density was kept constant at 100 mA/g, while the charge current density was varied as shown in Figure 5 for the anode (rate capacity of SiCN was not shown here, because it supplied nearly no capacity when the charge current density reached at 200 mA/g). The CNT-SiCN composite exhibited excellent rate capability: even at charge current density of 2000 mA/g, it has an average capacity of 222.7 mA h/g. On the other hand, SiCN showed no rate capability, which can be ascribed to the low electrical conductivity of SiCN matrix. Compared with others' work, 41 42 CNT-SiCN composite anode showed a much higher-rate capacity than graphite anodes (e.g., reversible Figure 5 . Change in capacity with increasing current densities in CNTSiCN composite anode. In these tests the insertion current density was held constant at 100 mA g −1 , while the extraction current density was varied as shown in the figure. So, the higher capacity of CNT-SiCN composite during cycling was assumed mainly due to two factors, one is the superior electrical conductivity within the CNT-SiCN composite particles and better electrical contacts between the surfaces of anode particles and current collector, the other is the good structural stability maintained by the 3-dimensional network of CNT during Li-ions intercalation/extraction. As a result, new conducting paths formed resulting in higher capacity values and excellent high rate capability. With respect to the newly exploited active sites, its would present within the regions where the conductive carbon nanotubes were localized in the center, because reversible electrochemical reactions within the anode particles are limited by the electrical conductivity of the SiCN matrix in which the isolated disordered carbon clusters encased. All these results were simply explained by the schematic in Figure 6 , it showed the mostly possible reason for the different electrochemical performance of the CNT-SiCN composite and SiCN anode when discharging at higher current density. It is normal for the declining of the charge capacity at higher current densities, which is dominated by the electrical conductivity and the diffusion coefficient of Li ions. Once electrical conductivity of the anode was improved for a large extent, the capacity can be further limited by the kinetic diffusion process of Li ions into the SiCN particles, or by reactions at the conducting agent-SiCN-electrolyte triple junctions. Moreover, in addition to the contribution of electrical conductivity to the high rate capability, the light contrast linear regions between CNT and the SiCN matrix ( Fig. 2(f) ) may also offer numerous paths for the quick diffusion of Li ions. Singh et al. has investigated the diffusion coefficient of Li ions in the polymer-derived silicon oxycarbide-carbon nanotube composites with shell/core structure through Galvanostatic Intermittent Titration Technique (GITT) experiment, they reported that the diffusion coefficient of Li ions in Si(B)CN particles might be increased simultaneously because of the increasing of the electrical conductivity in the shell/core composites. 16 18 So, the improvement of electrical conductivity might be also accompanied with Based on these results, solutions should be found to meet needs for commercial applications of PDC in high power and energy Li-ion batteries. Firstly, the electrical conductivity of the PDC should be high enough to supply conductive paths for electron transfer and internal resistance should be reduced as low as possible; the second is to shorten the effective diffusion distance for Li ions to improve the utilization of the disordered carbon isolated in the PDC matrix and also to reduce the volume expansion of the PDC anode particles during high-rate charging and discharging cycling. For the second suggestion, synthesis of PDC particles into nano or porous forms 43 may be prospective.
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CONCLUSION
In this article, we present the investigation of a new composite material with a 3-dimensional conductive network as anode material for Li-ion batteries. This composite was composed of CNT and the amorphous polymerderived SiCN, which was synthesized by a simple ultrasonication assisted method combined with high-temperature pyrolysis. In this composite, CNT exhibited a homogeneous distribution in the SiCN ceramic matrix, it retained the integrity during the polymer-ceramic conversion and had a relatively strong bonding with the SiCN ceramic matrix.
In terms of Li-ions insertion/extraction, the CNT-SiCN composite exhibited a higher capacity than that of the sum of both components. The outstanding electrochemical properties of the composite should be attributed to the introduction of the superior conductive (electrical conductivity) CNT network. CNT supplied more paths for electrical contact and thus charges could be transferred to the isolated disordered carbon clusters formed within the polymer-derived SiCN ceramic matrix. Moreover, due to the high strength and toughness of carbon nanotubes, the new composite exhibited extraordinary stability during high current density cycling process. In the obtained half cell, the composite anode could supply a capacity of 222.7 mA h/g when charged at 2000 mA/g, while the SiCN anode showed nearly no capacity even at the low current density of 200 mA/g. In conclusion, the CNT-SiCN composites, perhaps the series of CNT-PDC composites, are interesting "high power" anode materials for future highpower lithium ion batteries, such as portable power suppliers and electric vehicles. 
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